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Integrin recycling is critical for cell migration. Protein
kinase D (PKD) mediates signals from the platelet-
derived growth factor receptor (PDGF-R) to control
avb3 integrin recycling. We now show that Rabap-
tin-5, a Rab5 effector in endosomal membrane
fusion, is a PKD substrate. PKD phosphorylates Ra-
baptin-5 at Ser407, and this is both necessary and
sufficient for PDGF-dependent short-loop recycling
of avb3, which in turn inhibits a5b1 integrin recycling.
Rab4, but not Rab5, interacts with phosphorylated
Rabaptin-5 toward the front of migrating cells to
promote delivery of avb3 to the leading edge,
thereby driving persistent cell motility and invasion
that is dependent on this integrin. Consistently,
disruption of Rabaptin-5 Ser407 phosphorylation
reduces persistent cell migration in 2D and avb3-
dependent invasion. Conversely, invasive migration
that is dependent on a5b1 integrin is promoted by
disrupting Rabaptin phosphorylation. These findings
demonstrate that the PKD pathway couples receptor
tyrosine kinase signaling to an integrin switch via
Rabaptin-5 phosphorylation.
INTRODUCTION
The regulated recycling of integrins is required for efficient cell
migration (Jones et al., 2006; Mai et al., 2011; Pellinen et al.,
2006; Pellinen and Ivaska, 2006; Ramsay et al., 2007; Shattil
et al., 2010). Inhibition of SNARE-mediated membrane traffic
by tetanus toxin or inhibition of N-ethylmaleimide-sensitive
fusion protein (NSF) opposes b1 integrin recycling, and reduces
cell spreading and migration (Skalski and Coppolino, 2005). Two
distinct integrin recycling pathways control cell migration: the
small GTPases Rab11 and Rab4 regulate long- and short-loop
recycling, respectively. Disruption of long-loop recycling by
blocking Rab11 function inhibits invasive migration (Fan et al.,
2004; Powelka et al., 2004; Yoon et al., 2005). Rab4 is instead
required for PDGF-stimulated avb3 recycling and cell adhesion
and spreading (Roberts et al., 2001; White et al., 2007).560 Developmental Cell 23, 560–572, September 11, 2012 ª2012 ElsProtein kinase D (PKD) has been shown to control
Rab4-dependent avb3 integrin recycling to regulate cell
motility (Woods et al., 2004). PKD comprises a family of three
mammalian serine/threonine protein kinases in the calcium/
calmodulin-dependent protein kinase family (Rykx et al., 2003).
In the canonical pathway of PKD activation, growth factor signals
are transduced through receptor tyrosine kinases to activate
phospholipase C-g (PLC-g). PLC-g cleaves phosphatidylinositol
4,5-bisphosphate (PIP2) to produce inositol 1,4,5-triphosphate
(IP3) and diacylglycerol (DAG). DAG recruits cytosolic PKD to
the plasma or Golgi membranes, colocalizing it with its upstream
kinase protein kinase C (PKC) (Zugaza et al., 1996). The binding
of DAG to the PKD cysteine-rich domains facilitates phosphory-
lation of the PKD activation loop residues by PKC, leading to
kinase activation. A number of substrates have been identified
that mediate the PKD signal to numerous cellular responses,
including proliferation, survival, and vesicle trafficking from the
Golgi. PKD is a basophilic kinase and phosphorylates the
optimal consensus phosphorylation motif LXXRXs/t (where X
represents any amino acid). PKD substrates that contain this
motif include class II histone deacetylases (HDACs) (Vega
et al., 2004), phosphoinositide 4-kinase IIIb (PI4KIIIb) (Hausser
et al., 2005), heat shock protein 27 (Hsp27) (Do¨ppler et al.,
2005), and the lipid transport proteins ceramide transfer protein
(CERT) (Fugmann et al., 2007), and oxysterol binding protein
(OSBP) (Nhek et al., 2010).
The interaction between PKD and avb3 is required for
PDGF-driven, Rab4-dependent integrin recycling, and in turn
cell migration (Woods et al., 2004). Recycling of avb3 can
impact cell migration by inhibiting a5b1 and EGFR recycling
and their ability to signal to Rho and Akt/PKB, respectively (Cas-
well et al., 2008; Vukmirica et al., 2006; White et al., 2007).
However, the signaling intermediates and substrates of PKD
that modulate integrin recycling and cell migration have not
been identified.
Rabaptin-5 is an essential Rab5 effector with amino-
terminal Rab4 and carboxyl-terminal Rab5-binding domains
(Stenmark et al., 1995; Vitale et al., 1998). Rabaptin-5 forms
a complex with Rabex-5, a Rab5 guanine nucleotide exchange
factor. Rabaptin-5 binds Rab5-GTP and promotes colocaliza-
tion of Rab5 with Rabex-5. This in turn stabilizes Rab5-
GTP leading to endosomal membrane fusion during endocy-
tosis, such that Rabaptin-5 overexpression results in enlarged
endosomal vesicles while its immunodepletion blocks Rab-5evier Inc.
Developmental Cell
PKD and Rabaptin-5 Regulate Integrin Recyclingdependent endosome formation (Stenmark et al., 1995).
Rabaptin-5 also couples to Rab4 and Gamma1 adaptin on
recycling endosomes to regulate receptor recycling (Deneka
et al., 2003).
Here we report that Rabaptin-5 is a substrate of PKD. PKD
phosphorylates Rabaptin-5 at Ser407, and this controls
avb3 and a5b1 integrin and EGFR recycling. In turn, this
pathway regulates the morphology and speed of migrating cells
in 2D and 3D.
RESULTS
PKD Phosphorylates Rabaptin-5 at Ser407 In Vitro
and in Cells
Phosphoproteomic screens have identified phosphorylation of
Rabaptin-5 at Ser407 in a consensus sequence that conforms
to the optimal PKD phosphorylation motif (LXRXXs/t) (Dephoure
et al., 2008; Ville´n et al., 2007). The PKD consensus motif
surrounding Ser407 is conserved in mammals and other
species including fish, flies, and worms (Figure 1A). A distinct
putative PKD consensus phosphorylation motif on Rabaptin-5
is also found at Ser162, although to date no phosphopeptides
with this sequence have been mapped by functional proteo-
mics. To determine whether Rabaptin-5 is a PKD substrate,
we first stimulated NIH 3T3 cells with platelet-derived growth
factor (PDGF) to activate PKD. Endogenous Rabaptin-5 was
immunoprecipitated and immunoblotted with an antibody that
recognizes the PKD consensus phosphorylation motif, anti-
PKD pMOTIF (Do¨ppler et al., 2005). The reactivity between
Rabaptin-5 and the PKD pMOTIF antibody increases over
time upon PKD activation by PDGF, and is attenuated by
pretreatment with Go¨6976, a PKC/PKD inhibitor (Figure 1B).
Phosphorylation of PKD at pS916 serves as an indicator of
PKD activation. Next, to determine if PKD is exclusively required
for phosphorylation of endogenous Rabaptin-5, short hairpin
RNA (shRNA) was used. In control cells, PDGF stimulates
Rabaptin-5 phosphorylation, whereas in PKD knockdown cells,
this is abrogated (Figure 1C). Taken together, these data
show that PKD promotes Rabaptin-5 phosphorylation during
PDGF-initiated signal relay.
PKD phosphorylates Rabaptin-5 at Ser407, because expres-
sion of constitutively active PKD in cells induces phosphorylation
of wild-type Rabaptin-5, but not a Ser407Ala mutant (Figure 1D).
In an in vitro kinase assay, purified PKD directly phosphorylates
Rabaptin-5 isolated by immunoprecipitation from cells express-
ing Myc-Rabaptin-5. Importantly, Rabaptin-5 Ser407Ala is not
phosphorylated by PKD in this assay (Figure 1E). Therefore,
PKD directly phosphorylates Rabaptin-5 at Ser407. Because
the PKD pMOTIF antibody is not immunoreactive toward
Rabaptin-5 Ser407Ala in cells expressing activated PKD (Fig-
ure 1D), and there is no appreciable phosphorylation of
Rabaptin-5 Ser407Ala by PKD in an in vitro kinase assay using
g[32P]-ATP (Figure 1E), this implies that Ser162 is not phosphor-
ylated by PKD. Moreover, Ser162 phosphorylation has not been
detected in the same phosphoproteomic analyses that have
identified Ser407 phosphorylation (Dephoure et al., 2008; Ville´n
et al., 2007). Although we cannot formally rule out Ser162 phos-
phorylation, we conclude that PKD exclusively phosphorylates
Rabaptin-5 at Ser407.DevelopmenRabaptin-5 Phosphorylation Controls avb3 and a5b1
Integrin Recycling
Because PKD controls integrin recycling downstream of Rab4
(Woods et al., 2004), and Rabaptin-5 is a Rab4 effector (Vitale
et al., 1998), we reasoned that phosphorylation of Rabaptin-5
at Ser407 by PKD may control integrin recycling. NIH 3T3 fibro-
blasts were surface labeled and internalization allowed to
proceed for 15 min at 22C to allow receptors to accumulate in
Rab4-positive early endosomes, and recycling of both the
endogenous mouse avb3 integrin (Figures 2A, left hand bars,
and 2B) and the exogenously-expressed human avb3 hetero-
dimer (Figure 2A, right hand bars) back to the plasma membrane
was determined in the presence and absence of PDGF, as
described previously (Roberts et al., 2001). In the absence of
growth factor, avb3 recycling is slow, and addition of PDGF
greatly enhances the rate at which avb3 returns to the plasma
membrane (Figure 2B). Silencing of Rabaptin-5 using small inter-
fering RNA (siRNA) blocks the ability of PDGF to initiate recycling
of avb3 (compare white and yellow bars, Figure 2A). However,
Rabaptin-5 knockdown also appears to increase basal integrin
recycling. This can likely be attributed to a decrease in the inter-
nalization of avb3 (see below), as Rabaptin-5 is a critical Rab5
effector in endocytosis. To determine a requirement for PKD
phosphorylation of Rabaptin-5 in PDGF-dependent integrin re-
cycling, we used Rabaptin-5 Ser407 mutants that are resistant
to silencing. Expression of wild-type Rabaptin-5 restores
PDGF-regulated avb3 recycling (red bars and red curve, Figures
2A and 2B), whereas expression of Rabaptin-5 Ser407Ala blocks
the ability of PDGF to stimulate recycling (green bars and green
curve). Moreover, the phosphomimetic mutant Ser407Asp
promotes recycling in the absence of PDGF stimulation (Fig-
ure 2A, gray bars). Similar results are obtained in cells trans-
duced with Rabaptin-5 shRNA, WT, and Ser407Ala rescue
mutants when the recycling of cotransfected human avb3 was
measured (Figure 2A, red and green bars, havb3). A Rabaptin-
5 Ser162Ala mutant rescues recycling to the same extent as
wild-type, providing further evidence that Ser162 is not regulated
by PKD signaling (Figure 2A, blue bars). Therefore, Rabaptin-5
Ser407 phosphorylation is both necessary and sufficient to regu-
late PDGF-dependent avb3 integrin recycling.
Because Rabaptin-5 is an essential effector of Rab5 in endo-
cytosis (Stenmark et al., 1995), we next evaluated whether the
recycling defect in cells expressing Rabaptin-5 Ser407Ala is
due to impaired internalization. As expected, knockdown of
Rabaptin-5 with siRNA results in impaired internalization of
avb3 integrin (Figure 2C, yellow curve). Reexpression of either
wild-type Rabaptin-5 or Ser407Ala mutants that are resistant
to silencing rescues this phenotype (Figure 2C, red and green
curves), indicating that the regulation of integrin recycling by
Rabaptin-5 phosphorylation at Ser407 is not due to a defect in
internalization. Cell lysates from Figures 2A and 2B were immu-
noblotted with a Rabaptin-5 antibody to confirm knockdown and
expression of nonsilenceable mutants (Figure 2D).
It is now clear that some of the influence of avb3 on cell
migration is mediated by its ability to negatively modulate the
trafficking of other receptors. For instance when avb3 recycling
is rapid, a5b1 returns slowly to the plasma membrane and cells
move persistently. However, when avb3 trafficking (or its ligand
engagement) is compromised this leads to increased recyclingtal Cell 23, 560–572, September 11, 2012 ª2012 Elsevier Inc. 561
Figure 1. PKD Phosphorylates Rabaptin-5
(A) Schematic of Rabaptin-5 showing domain structure and PKD consensus phosphorylation motifs and Ser407 and Ser162. The Ser407 motif is evolutionarily
conserved. Also shown is the optimal PKD consensus phosphorylation motif, and the phosphorylation sites in the PKD substrates Rin1, HDAC5, Hsp27, and
PI4KIIIb. Rabaptin-5 contains four coiled-coil motifs (C1-1, C1-2, C2-1, C2-2), an amino-terminal Rab4 binding domain, a carboxyl-terminal Rab5 binding
domain, and two Golgi-localized Gamma ear-containing Arf-binding protein (GGA) binding sites (GAE BD and GAT BD).
(B) NIH 3T3 cells were serum starved for 20 hr and then stimulated with 50 ng/ml PDGF. Where indicated, cells were pretreated with PKC/PKD inhibitor, Go¨6976
(1 mM). Endogenous Rabaptin-5 was immunoprecipitated with anti-Rabaptin-5 and immunoblotted with the anti-PKD pMOTIF antibody. In all panels, total cell
lysates were also immunoblotted with the indicated antibodies (p85 served as loading control). All results are representative of at least three independent
experiments.
(C) NIH 3T3 cells were transfected with either pLKO vector or PKD1 plus PKD2 shRNA. After selection cells were serum-starved and stimulated with 50 ng/ml
PDGF or DMSO for 30 min. Rabaptin-5 immunoprecipitates were immunoblotted with the anti-PKD pMOTIF antibody.
(D) HEK293T cells were cotransfected with Myc-Rabaptin-5 WT or Myc-Rabaptin-5 Ser407Ala, and either PKD WT or PKD S744E/S748E, as indicated and
serum-starved overnight. Rabaptin-5 immunoprecipitates were immunoblotted with anti-PKD pMOTIF antibody.
(E) LnCap cells transfected with Myc-Rabaptin-5 WT or Myc-Rabaptin-5 Ser407Ala were serum-starved, and Rabaptin-5 immunoprecipitated with anti-Myc.
Immune complexes were then incubated in kinase assay buffer containing g32P-[ATP] in the absence or presence of purified recombinant PKD1. Rabaptin-5
phosphorylation was detected by autoradiography. Total cell lysates were immunoblotted with the indicated antibodies. All results are representative of at least
three independent experiments.
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Figure 2. Rabaptin-5 Phosphorylation Is
Required for PDGF-Driven avb3 Integrin
Recycling
(A and B) NIH 3T3 fibroblasts were transfected
with either nontargeting siRNA (si-nt), Rabaptin-5
siRNA (si-Rabaptin-5), or infected with Rabaptin-5
shRNA (sh-Rabaptin-5). Cells were also co-
transfected with si- or sh-RNA resistant Rabaptin-
5 mutants (vector control, yellow bars; WT, red
bars; Ser407Ala, green bars; Ser407Asp, gray
bars; Ser162Ala, blue bars). After selection, cells
were transfected with human (havb3) avb3 integrin
where indicated. Cells were surface labeled with
0.2 mg/ml NHS-SS-biotin for 30 min at 4C, and
internalization was allowed to proceed for 15 min
at 22C. Cells were exposed to MesNa at 4C to
remove surface biotin, and internalized integrin
was chased back to the cell surface at 37C for
10 min (A), or for the indicated times (B) in the
absence and presence of 10 ng/ml PDGF. Cells
were then reexposed to MesNa, and levels of
intracellular biotinylated integrin were determined
by capture-ELISA using microtiter wells coated
with anti-human b3 monoclonal or anti-mouse b3
antibodies. Values are mean ± SEM. ***p < 0.0001
(Mann-Whitney test).
(C) NIH 3T3 fibroblasts transfected as in (A) were
surface labeled with 0.2 mg/ml NHS-SS-biotin for
30 min at 4C and then placed at 37C for indi-
cated times in the presence of 0.6 mM primaquine
to inhibit receptor recycling. Biotin was removed
by MesNa treatment at 4C, cells lysed and bio-
tinylated integrin determined by capture-ELISA as
for (A). All results are representative of at least
three independent experiments. Values are
mean ± SEM. ***p < 0.001 (Mann-Whitney test).
(D) Immunoblot analysis from the experiments in
(A–C). Cell lysates obtained from each condition
were immunoblotted with anti-Rabaptin-5 or anti-
b-actin control.
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elongated cellular morphology that effectively increases the
speed of motility (Caswell et al., 2008; White et al., 2007).
Furthermore, the cross-talk between avb3 and a5b1 trafficking
is mediated by the Rab11 effector, Rab coupling protein (RCP)
which not only is responsible for increased a5b1 recycling, but
also acts to link a5b1 and EGFR such that the trafficking of these
two receptors is physically coordinated (Caswell et al., 2008). It is
the signaling consequences of these trafficking interactions,
such as increased signaling of a5b1 to Rho effectors and the
enhancement of the ability of EGFR1 to activate Akt, that imple-
ment alterations in cell migration. We therefore tested the con-
tribution of Rabaptin-5 phosphorylation at Ser407 by PKD to
a5b1 and EGFR recycling. In cells transfected with Rabaptin-5
siRNA, reexpression of Rabaptin-5 Ser407Ala enhances a5b1
recycling compared to wild-type Rabaptin-5, in both NIH 3T3
fibroblasts (Figure 3A) as well as A2780 ovarian carcinoma cells
(Figure 3B). This increase is not due to altered a5b1 internaliza-
tion (Figure 3C). Moreover, Rabaptin-5 Ser407Ala also promotes
EGFR recycling compared to wild-type Rabaptin-5 (Figure 3D).
The PKD-Rabaptin-5 signaling pathway therefore regulates the
recycling of avb3 integrin, a5b1 integrin and EGFR.DevelopmenRabaptin-5 Phosphorylation Regulates Persistent
Directional Migration
Increased avb3 and reduced a5b1 recycling promote the direc-
tional and persistent migration of fibroblasts on 2D surfaces
(White et al., 2007). To determine the contribution of Rabaptin-
5 phosphorylation to cell migration, time-lapse images of NIH
3T3 cells expressing Rabaptin-5 mutants subsequent to Rabap-
tin-5 knockdown were collected. A monolayer was wounded,
individual cells migrating into the wound were followed and the
persistence and speed of migration were extracted from the
track plots (Figures 4A–4D). Knockdown of Rabaptin-5 or PKD
reduces persistent migration to a similar degree, and this is
rescued by expression of siRNA-resistant wild-type Rabaptin-5
(Figures 4A and 4B; Movie S1 available online). In contrast,
Rabaptin-5 Ser407Ala is completely unable to rescue persistent
migration of NIH 3T3 fibroblasts. A requirement for Rabaptin-5 in
directional migration is also demonstrated by an impairment in
the overall forward migration index (FMI) of cells expressing
Ser407Ala compared to cells expressing wild-type Rabaptin-5
(Figure 4C). We have previously shown that reduced persistent
cell migration is commonly accompanied by increased migration
speed, which is also a consequence of enhanced a5b1 recyclingtal Cell 23, 560–572, September 11, 2012 ª2012 Elsevier Inc. 563
Figure 3. Rabaptin-5 Phosphorylation Neg-
atively Regulates a5b1 Integrin and EGFR
Recycling
NIH 3T3 fibroblasts (A and C) and A2780 cells
(B and D) were cotransfected with Rabaptin-5
siRNA (si-Rabaptin-5) and Rabaptin-5 siRNA-
resistant mutants (WT, Ser407A). Integrin re-
cycling (A and B) and internalization (C) was
determined as in Figure 2, but with the internali-
zation time increased to 30 min to measure long-
loop recycling and the ELISA plate coated with
anti-a5 monoclonal antibodies. In (D), recycling
was determined as for (B), but with the ELISA plate
coated with antibodies recognizing EGFR. All
results are representative of at least three inde-
pendent experiments. Values are mean ± SEM.
***p < 0.001; **p < 0.005 *p < 0.0286 (Mann-
Whitney test).
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increases migration speed in a way that is reversed by reexpres-
sion of wild-type Rabaptin-5, but not Rabaptin-5 Ser407Ala
(Figure 4D).
PKD is responsible for trafficking avb3 integrin to nascent
adhesions (Woods et al., 2004). To determine the role played
by phosphorylation of Rabaptin-5 by PKD in recruitment of
avb3 to the cell front, which is where new focal adhesions
are formed, we used a GFP-tagged b3 integrin (Figure 4E).
Using this approach we quantified the proportion of avb3
present within new adhesions at the cell front with respect to
avb3 that is located further back in the cell (Figure 4F). In
both control cells and Rabaptin-5 knockdown cells in which
wild-type Rabaptin-5 has been reexpressed, 70% of avb3
is present primarily within adhesive structures that are localized
to a tight band within 2.5 mm of the advancing cell front (Fig-
ures 4E and 4F). Knockdown of PKD1 or expression of
Rabaptin-5 Ser407Ala leads to a significant reduction of
avb3 at the cell front, and a commensurate increase in the
quantity of the integrin in larger adhesions nearer to the cell
rear (Figures 4E and 4F).
Taken together, these data indicate that Rabaptin-5 phos-
phorylation at Ser407 is required for delivery of avb3 to newly
forming adhesions at the front of migrating cells, and the ability
of this integrin to support persistent cell migration on 2D
surfaces.
Rabaptin-5 Controls Integrin Recycling
and PDGF-Driven Migration through Rab4
Because phosphorylation of Rabaptin-5 by PKD is required for
the proper execution of Rab4-dependent events, such as avb3
recycling and its delivery to the cell front during cell migration,
we evaluated how this phosphorylation influences the spatial
relationship and physical association between Rabaptin-5 and
the GTPase in migrating cells. We first determined the conse-564 Developmental Cell 23, 560–572, September 11, 2012 ª2012 Elsevier Inc.quences of expressing Cherry-tagged
Rab4 and Rab5 on cell migration. Expres-
sion of Cherry-Rab4 does not alter the
way in which cells migrate into scratch-
wounds, nor does it affect the ability ofRabaptin-5 Ser407Ala to decrease persistence and increase
migration speed (Figure 5A). By contrast, expression of Cherry-
Rab5 alters both the migratory persistence and forward migra-
tion index (FMI) of cells expressing wild-type Rabaptin-5, and
suppresses the ability of mutant Rabaptin-5 to influence migra-
tory persistence and speed (Figure 5A). The absence of any
effect of Cherry-Rab4 overexpression on cell migration renders
it a useful tool in the context of experiments designed to probe
the contribution of the Rabaptin-5/Rab4 complex on cell migra-
tion. However, the same argument cannot be invoked for overex-
pression of Cherry-Rab5.
We expressed Cherry-Rab4 in combination with either GFP-
Rabaptin-5 or GFP-Rabaptin-5 Ser407Ala and used fluores-
cence live cell imaging to evaluate the distribution of these
proteins in both control and PKD knockdown cells as they
migrated into scratch-wounds. Rabaptin-5 and Rab4 are local-
ized to vesicles positioned in front of the nucleus with respect
to the direction of cell migration (Figures 5B and S1; Movie S2).
We quantified this by developing an algorithm to determine the
proportion of fluorescent Rabaptin-5 or Rab4 that is localized
within the anterior portion of the cell. Moreover, we quantitatively
assessed the degree to which Rabaptin-5 and Rab4 colocalize in
migrating cells. In cells expressing wild-type Rabaptin-5, more
than 80% of cellular Rab4 and Rabaptin-5 are located in the
perinuclear region anterior to the direction of migration, and
these two proteins colocalize very closely (Figures 5C–5F).
Expression of Rabaptin-5 Ser407Ala, or knockdown of PKD1
ablates the ability of Rabaptin-5 and Rab4 to position them-
selves at the cell front, and significantly reduces colocalization
between the two proteins (Figures 5B–5F and S1; Movie S2).
Furthermore, the influence of Rabaptin-5 phosphorylation on
colocalization between Rabaptin-5 and Rab4 is not evident in
cells that are distant from the wound’s edge (Figures S2A and
S2B), indicating that PKD1 can only influence Rabaptin-5/Rab4
association in migrating cells.
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Rab4 by immunoprecipitating myc-Rabaptin-5 (or myc-Rabap-
tin-5 mutants) and assessing the amount of coprecipitating
GTPase by immunoblotting. To ensure that the cells were
migrating at the time of lysis, we performed these experiments
on cells that had been plated onto fibronectin-coated surfaces
at low density and treated with PDGF for 1 hr. In migrating cells,
the ability of Rab4 (Figure 5G) (but not Rab5; Figure 5H) to coim-
munoprecipitate with Rabaptin-5 is reduced by mutation of
Ser407 to Ala, or by siRNA of PKD1. Conversely, in cells that
are confluent (and, therefore, not migrating) mutation of Ser407
to Ala, while enhancing an interaction with Rab5 (Figure S2F),
has no effect on association of Rabaptin-5 with Rab4 (Fig-
ure S2E). Taken together, these data indicate that phosphoryla-
tion of Rabaptin-5 at Ser407 by PKD1 is necessary for tight
association with Rab4, and the appropriate positioning of the
Rabaptin-5/Rab4 complex as cells migrate into wounds. By
contrast, this phosphorylation event does not influence Rabap-
tin-5/Rab4 association or colocalization in nonmigrating cells.
Rabaptin-5’s Influence on Tumor Cell Invasion
Is Dependent on the ECM Microenvironment
In addition to affecting a switch from persistent to randommove-
ment on 2D surfaces, integrin recycling influences invasive
migration in 3D matrices (Caswell et al., 2008; Vukmirica et al.,
2006). The contribution made by particular integrin heterodimers
to invasion crucially depends on the availability of ECM ligands
for those integrins. For instance, under circumstances where
vitronectin (the main ligand for avb3) is abundant, but the
concentration of fibronectin (the main ligand for a5b1) is low,
invasion is strongly dependent on avb3. Indeed, when MDA-
MB-231 breast cancer cells move into Matrigel in the presence
of serum, but with no added fibronectin, their invasiveness is
opposed by addition of c-RGDfV (a cyclic peptide that specifi-
cally blocks avb3) indicating that avb3 is required for invasion
when fibronectin levels are low (Figure 6A). Moreover, silencing
of Rabaptin-5 reduces invasion of MDA-MB-231 cells into
Matrigel that does not contain fibronectin, and invasiveness is
restored by reexpression of wild-type Rabaptin-5, but not
Rabaptin Ser407Ala. However, when exogenous fibronectin is
added to the Matrigel, the invasion of MDA-MB-231 (Figure 6B)
and A2780 (Figure 6C) cells is not avb3-dependent. By contrast,
in the presence of fibronectin, invasiveness becomes dependent
on a5b1 and is actually enhanced by addition of cRGDfV (Figures
6B and 6C). This is due to a large compensatory increase in a5b1
trafficking that occurs following blockade of avb3, as previously
shown (Caswell et al., 2008). Correspondingly, Rabaptin-5
silencing (which promotes a5b1 recycling) enhances MBA-MB-
231 (Figure 6B) and A2780 (Figure 6C) cell migration into fibro-
nectin-supplemented 3D Matrigel plugs, and this is reversed
by expression of siRNA-resistant wild-type Rabaptin-5, but not
Ser407Ala mutant. Representative strips from the invasion
assays are shown in Figure S3.
As well as being activated by avb3 inhibition, a5b1 recycling
can be driven by mutant forms of the tumor suppressor p53
(Muller et al., 2009; Rainero et al., 2012). MDA-MB-231 cells
express high levels of a DNA-binding domain p53 mutant
(R280K) that has lost wild-type activity, but which activates
RCP-dependent a5b1 recycling and invasion (Muller et al.,Developmen2009). Thus the capacity of Rabaptin-5 knockdown to promote
a5b1-dependent invasion in these cells is likely tempered by
the ability of mutant p53 to drive this pathway. To test this model,
we silenced Rabaptin-5 and mutant p53 (both alone and in
combination) in MDA-MB-231 cells (Figure 6B). As reported
previously (Muller et al., 2009), knockdown of mutant p53
reduces invasiveness of MDA-MB-231 cells into fibronectin-
containing Matrigel (Figure 6B). However, when mutant p53
and Rabaptin-5 are knocked down in combination, MDA-MB-
231 cells are highly invasive. Indeed, siRNA of Rabaptin-5
increases fibronectin-dependent invasiveness of MDA-MB-231
cells by z1.6-fold, but this is increased toz4.0-fold in mutant
p53-knockdown cells. These data demonstrate that inhibition
of Rabaptin-5 and expression of mutant p53 influence a5b1 traf-
ficking and invasion at least in part by impinging on the same
pathways. The type of a5b1-dependent invasive migration
described above is commonly accompanied by the extension
of long invasive pseudopods in the direction of migration when
cells are plated onto 3D cell-derived matrices (Caswell et al.,
2008; Caswell et al., 2007). When A2780 cells transfected with
nontargeting siRNA (si-nt) are plated onto fibronectin-rich 3D
cell-derived matrices, they move with the slug-like morphology
that is characteristic of cells that are recycling their a5b1 integ-
rins slowly (Figure 6D). In contrast, knockdown of Rabaptin-5
results in the extension of long invasive pseudopods in the
direction of migration. This phenotype is reversed in cells ex-
pressing wild-type siRNA-resistant Rabaptin-5, but not with
Ser407Ala (Figure 6D). Pseudopod length was also measured
and quantitated (Figure 6D). Collectively, these data demon-
strate that control of integrin trafficking by PKD and Rabaptin-5
signaling modulates cellular morphology to favor either persis-
tent or rapid/random movement. Furthermore, inhibition of this
signaling pathway influences tumor cell invasion in a way that
is dictated by the fibronectin content of the surrounding ECM
microenvironment.
DISCUSSION
Previous studies have demonstrated a role for PKD in the control
of integrin recycling. PKD/Rab4 binding is required for PDGF-
dependent recycling of avb3 integrin (Woods et al., 2004), and
autophosphorylation of PKD at Ser916 is required for this inter-
action (White et al., 2007). More recently PKD phosphorylation
at Ser916 has been shown to control avb3 internalization and re-
cycling in endothelial cells in response to VEGF (di Blasio et al.,
2010). Our data show that Rabaptin-5 is a PKD substrate that
controls integrin recycling. Mutant Rabaptin-5 Ser407Ala blocks
PDGF-stimulated avb3 short-loop recycling whereas phospho-
mimetic Rabaptin-5 Ser407Asp promotes recycling in the
absence of PDGF (Figure 2A). Therefore, Rabaptin-5 phosphor-
ylation by the PKD pathway is both necessary and sufficient to
control endocytic trafficking of integrins. The regulated recycling
of integrins requires a number of steps including vesicle internal-
ization, docking to the sorting endosome, and delivery of recy-
cling vesicles to the plasma membrane (Caswell et al., 2009).
Growth factors initiate these steps (Gu et al., 2011); however,
to date, only one signaling mechanism has been shown to
connect signaling downstream of growth factors to integrin
recycling, and this is phosphorylation of ACAP1 (a GAP fortal Cell 23, 560–572, September 11, 2012 ª2012 Elsevier Inc. 565
Figure 4. Rabaptin-5 Phosphorylation Regulates Delivery of avb3 to the Leading Edge and Migratory Persistence on 2D Surfaces
(A) Confluent monolayers of NIH 3T3 fibroblasts were transfected with PKD shRNA (sh-PKD) or Rabaptin-5 siRNA (si-Rabaptin-5) or nontargeting siRNA (si-nt),
and cotransfected with vector control () or Rabaptin-5 siRNA-resistant mutants (WT, Ser407Ala). Monolayers were wounded and cells allowed to migrate into
the wound. Cells were tracked by time-lapse video microscopy, with frames captured at 10 min intervals. The position of the cell nucleus was followed using cell
tracking software, and cumulative track plots of individual cells are highlighted. Scale bar represents 50 mm.
(B–D) The speed (B), persistence (C), and forwardmigration index (FMI) (D) of cell migration obtained from the conditions in (A) were extracted from the track plots.
Persistence is defined as the ratio of the vectorial distance traveled to the total path length described by the cell. See also Movies S1A and S1B from which
Figure 5A (si-Rabaptin 5 + RabWT and si-Rabaptin-5 + Rab407Ala, respectively) are taken. All results are representative of at least three independent experi-
ments. ***p < 0.0001 (Mann-Whitney test). The box-and-whiskers plots represent: median line; box = quartiles; whiskers = 5%–95% confidence.
(E and F) NIH 3T3 fibroblasts were transfected with PKD shRNA (sh-PKD), Rabaptin-5 siRNA or nontargeting siRNA (si-nt), and cotransfected with vector control
() or Rabaptin-5 siRNA-resistant mutants (WT, Ser407Ala). All cells were then transfected with GFP-b3 integrin and grown to confluence. Monolayers were
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PKD and Rabaptin-5 Regulate Integrin RecyclingARF6) by Akt which promotes its association with b1 integrin
to stimulate recycling (Jackson et al., 2000; Li et al., 2005;
Powelka et al., 2004). A phosphomimetic ACAP1 mutant
induces b1 recycling in the absence of stimulation. Similarly,
phosphomimetic Rabaptin-5 results in avb3 integrin recycling
in the absence of growth factor stimulation (Figure 2A). PKD
therefore has a dual function in the control of integrin recycling,
by binding directly to avb3 and by signaling to Rabaptin-5
phosphorylation.
We propose a model in which the coordinated regulation of
Rab5 and Rab4 by the PKD-Rabaptin-5 pathway controls the
internalization and docking of avb3-containing vesicles and
short-loop integrin recycling. This model is supported by the
finding that Rabaptin-5 regulates the internalization of avb3,
a Rab5-dependent process. Indeed, silencing of Rabaptin-5
decreases endocytosis of avb3 integrin (Figure 2C) and this is
restored to control levels by reexpression of either wild-type
Rabaptin-5 or its Ser407Ala mutant. This is consistent with our
data indicating that Rabaptin-5 phosphorylation does not influ-
ence its association with Rab5 in migrating cells. However,
Rabaptin-5 phosphorylation by PKD at Ser407 controls both its
association with Rab4 and the localization of the Rabaptin-5/
Rab4 complex to the front portion of migrating cells (Figure 5),
which, in turn, properly direct integrin trafficking to nascent focal
adhesions at the cell front to support persistent cell migration.
Notably, the association of phosphorylated Rabaptin-5 and
Rab4 is only observed in migrating cells (Figures 5 and S2), high-
lighting the importance of the spatio-temporal control of Rab4 by
Rabaptin-5 phosphorylation toward persistent movement. Since
Rab4 activity is required for avb3 recycling (Roberts et al., 2001;
van der Sluijs et al., 2001) and phosphorylated Rabaptin-5 pref-
erentially binds to Rab4 over Rab5, it is possible that Rabaptin-5
phosphorylation stimulates Rab4 GTP-loading. Rabaptin-5
phosphorylation may thus function simply to increase the quan-
tity of active Rab4 within the cell. However, we are unable to
restore persistent migration in Rabaptin-5 Ser407Ala-expressing
cells by overexpressing Cherry-Rab4 (Figure 5A) or the constitu-
tively active Gln67Leu mutant of Rab4 (not shown), indicating
that Rabaptin-5 phosphorylation does not simply act by
increasing Rab4 GTP-loading, but by coordinating the localiza-
tion of activated Rab4 to endosomal domains that are involved
in avb3 recycling. And PKD may be concomitantly recruited to
such an endosomal subdomain by its association with the b3
integrin cytotail, thus ensuring that Rabaptin-5 phosphorylation
and, in turn, Rab4 recruitment occurs in the appropriate place
for returning integrins to the cell front. Interestingly, a kinase
inactive mutant of PKD binds not only to avb3 (Woods et al.,
2004) but also to Rab4 (A.T. and C.C., unpublished data), sug-
gesting that an endosomal signaling complex containing avb3,
Rab4, PKD, and Rabaptin-5 coordinates the spatio-temporal
regulation of short-loop integrin recycling.
There is some disagreement in the literature as to the role
played by PKD in cancer cell invasion. Although some studieswounded and images captured of the cells migrating into the wound. The fluor
wound’s edge is denoted by the yellow line (scale bar represents 10 mm). The distri
progressively from the cell edge to the cell center, and determining the proportio
Values are mean ± SEM from three independent experiments; ***p < 0.0001 (Ma
Developmenhave shown that PKD promotes invasion (Ochi et al., 2011),
others have reported that it opposes invasive migration and is
downregulated in aggressive metastatic disease (Eiseler et al.,
2009; Kim et al., 2008; Zhang et al., 2007). Indeed, we have previ-
ously demonstrated that suppression of PKD can promote a5b1-
integrin dependent invasion of gastric cancer cells (Kim et al.,
2008). The present study supports a role for PKD-mediated
phosphorylation of Rabaptin-5 in cancer cell invasion, but
crucially provides mechanistic insight into how this depends on
the nature of the surrounding ECM. By promoting avb3 recycling,
Rabaptin-5 phosphorylation negatively impacts invasion into
fibronectin-rich matrices. Thus, under these circumstances,
reduction of invasion by PKD-Rabaptin-5 signaling is specifically
due to the inhibition exerted by short-loop avb3 recycling over
that of a5b1 (Figure 6). However, in microenvironments that are
fibronectin-deficient, where invasion is dependent on avb3 and
not a5b1, Rabaptin-5 phosphorylation is a strong driver of tumor
cell invasion. Moreover, our data indicate that PKD-Rabaptin-5
signaling influences a5b1-dependent invasion by intersecting
with pathways that are also influenced by mutant p53. In view
of this it will be interesting to determine the relationship between
Rabaptin-5 phosphorylation and mutant p53 status in aggres-
sive metastatic cancer.
These findings not only provide mechanistic insights into
the control of cell motility but also provide evidence for a signal
relay pathway that modulates endocytic and recycling trans-
port steps. Whether the PKD-Rabaptin-5 signaling network
impacts pathophysiological conditions in which integrin recy-
cling and cell migration are key phenotypes remains to be
determined, but what is clear from these findings is that the
relative contribution made by avb3 and a5b1 integrins to the
invasion and metastasis of tumors following the silencing of
PKD expression should be considered, as inhibitors that target
this kinase approach the clinic.EXPERIMENTAL PROCEDURES
Antibodies, Immunoblotting, and Immunoprecipitation
Following 24 hr serum starvation, cells were lysed in RIPA lysis buffer (150 mM
Tris/HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% SDC, 0.1% SDS, 50 nM ca-
lyculin, 1 mM PMSF) plus protease inhibitor cocktail (Sigma-Aldrich). For
immunoprecipitation, cells were incubated for 2 hr with 1 mg anti-Myc or
anti-Rabaptin-5 followed by a 2 hr incubation with protein G-Agarose (Amer-
sham Biosciences). Immune complexes were washed three times with
NETN (20 mM Tris/HCl, pH 8.0, 100 mM NaCl, 0.5% NP-40, 1 mM EDTA,
pH 8.0) and resolved by SDS-PAGE or subjected to kinase assays.
For immunoprecipitations to determine the association between Rabaptin-5
and Rab4 and Rab5, cells were trypsinized and then allowed to adhere to
culture plates that had been previously coated with bovine fibronectin (Sigma)
for 2 hr. PDGF-BB (10 ng/ml) was added to the cells for 1 hr prior to lysis in
a buffer containing 200 mM NaCl, 75 mM Tris-HCl, pH 7, 15 mM NaF,
1.5 mM Na3VO4, 7.5 mM EDTA, 7.5 mM EGTA, 0.15% (vol/vol) Tween-20,
50 mg/ml leupeptin, 50 mg/ml aprotinin, and 1 mM 4-(2-aminoethyl)-benzene-
sulfonyl fluoride). Lysates were passed three times through a 25-gauge needle
and clarified by centrifugation at 10,000 g for 10 min at 4C. Magnetic beadsescence images in (E) are representative frames from these movies, and the
bution of avb3was determined by using amacro that describes regions running
n of GFP-b3 that was present at the indicated distances from the cell edge (F).
nn-Whitney test).
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Figure 5. Rabaptin-5 Phosphorylation Regulates Its Association with Rab4 at the Front of Migrating Cells
(A) NIH 3T3 fibroblasts were transfected with Rabaptin-5 siRNA (si-Rabaptin-5) in combination with Rabaptin-5 siRNA-resistant mutants (WT, Ser407Ala) and
either Cherry alone, Cherry-tagged Rab4 (Ch-Rab4), or Cherry-tagged Rab5 (Ch-Rab5). The speed, persistence, and forward migration index of cells migrating
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PKD and Rabaptin-5 Regulate Integrin Recyclingconjugated to sheep anti-mouse IgG (Invitrogen) were bound to anti-myc
(9B11, Cell Signaling Technologies) antibody. Antibody-coated beads were
incubated with lysates for 2 hr at 4Cwith constant rotation. Unbound proteins
were removed by two 2 min washes in lysis buffer, and the presence of myc-
Rabaptin-5 andCherry-RabGTPases was determined by immunoblotting with
anti-myc, anti-Rabaptin-5 or an antibody raised against dsRed which recog-
nizes mCherry.
The anti-PKD (C-20), anti-c-Myc (9E10), and anti-Rabaptin-5 (H300) anti-
bodies were from Santa Cruz Biotechnology (Santa Cruz, CA); anti-PKD
pS916 and pS744/748 antibodies were from Cell Signaling Technology (Dan-
vers, MA); anti-HA was purified in-house from the 12CA5 hybridoma. The p85
antibody was described previously (Kapeller et al., 1995). Anti-b-actin was
from Sigma (Sigma-Pierce). The anti-PKD pMOTIF antibody has been
described (Do¨ppler et al., 2005). Anti-dsRed that recognizes mCherry was
from Clontech. Mouse anti-hb3 (#555752), hamster anti-mb3 (#01861D),
mouse anti-ha5 (#555651), and rat anti-ma5 (#553319) were from BDPharmin-
gen (NJ, USA).
Cell Culture
HEK293T, NIH 3T3, and MDA-MD-231 cells were maintained in high glucose
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum. LnCap and A2780 cells were maintained in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum. HEK293T cells were transiently
transfected with polyethylenimine (PEI) gene transfer reagent (Boussif
et al., 1995) in its 25-kDa linear form (Polysciences, Warrington, PA) and all
other cells were transiently transfected with Lipofectamine 2000 (Invitrogen,
Carlsbad, CA). Briefly, 6 mg of DNA was mixed with 18 mg of linear 25-kDa
PEI or 7 mg DNA was mixed with 18 mg Lipofectamine in a total volume of
400 ml of GIBCO reduced serum OPTI-MEM medium (GIBCO, Rockford,
MD). After 25 min incubation, the mixture was combined with HEK293T cells
in suspension or on sub-confluent plates of NIH 3T3, LnCap, or HeLa
cells. Cells were treated with PDBu (Sigma), PMA (Alexis Biochem), and
PDGF (R&D Systems) and EGF (R&D Systems) at the indicated concentra-
tions for 30 min or indicated times after overnight serum-starvation.
Go¨6976 (Calbiochem) was used at 1 mM and MG-132 (Calbiochem) was
used at 10 mM. Transfection of all vectors, shRNA and siRNA oligonucleo-
tides (Dharmacon) into NIH 3T3, A2780 and MDA-MB-231 cells was carried
out using the Amaxa ‘‘Nucleofector’’ system according to manufacturer’s
instructions. Solution T, program A-23 was used for A2780 and solution V,
program X-13 for MDA-MB-231 cells, and solution R, program T-20 was
used for NIH 3T3 cells.
Lentiviral Infection
pLKO.1 plasmid constructs were cotransfected in HEK293T cells with pack-
aging vectors pCMV-D8.2 and pCMV-VSVG using polyethyleneimine. Two
days posttransfection, virus-containing media was harvested, 5 mg of Poly-
brene added, passed through a 0.45 mM filter, and used to infect target cells.
Target cells at 70% confluence were infected for 24 hr followed by selection
in 2 mg/ml puromycin for 48 hr prior to stimulation and cell lysis.into scratch-wounds was determined as for Figures 4B–4D. ***p < 0.0001
box = quartiles; whiskers = 5%–95% confidence.
(B–F) NIH 3T3 fibroblasts were transfected with Rabaptin-5 siRNA and Cherry-R
Ser407Ala as indicated. Where indicated, the cells were cotransfected with a s
were allowed to migrate into scratch-wounds for 2–4 hr and the distribution of G
microscopy (B; yellow line indicates thewound edge). The proportion of cellular GF
drawn through the center of the nucleus and parallel to the wound edge (dotted ye
pixel by pixel colocalization of the GFP-Rabaptin-5 with Cherry-Rab4 was determ
2005); areas of high colocalization are depicted by the red pseudocolor, and pixels
with one another are represented by the blue pseudocolor (B). Values extracted f
***p < 0.0001; **p < 0.0059; *p < 0.0174 (Mann-Whitney test).
(G and H) NIH 3T3 fibroblasts were transfected with myc-Rabaptin-5 or the indic
Cherry-Rab5 (H). Where indicated, the cells were cotransfected with a short-hairp
were trypsinized and plated onto fibronectin-coated plates for 2 hr and then treate
0.1% Triton X-100. myc-Rabaptin-5 was immunoprecipitated from lysates using
lysates and immunoprecipitates were probed for the presence of Rabaptin-5, Ch
See also Figures S1, S2, and Movie S2.
DevelopmenIn Vitro Kinase Assay
Rabaptin-5 constructs were expressed in HEK293T cells and immunoprecip-
itated with Myc antibody. Immune complexes were incubated with recombi-
nant human GST-PKD1 and kinase buffer from Cell Signaling Technology
(Danvers, MA) in the presence of 200 mM cold ATP and 5 mCurie g32P[ATP]
for 40min at 30C. Samples were resolved by SDS-PAGE and phosphorylation
was detected using autoradiography.
Integrin Recycling Assay
Following surface labeling at 4C with 0.2 mg/ml NHS-SS-biotin, cells were
transferred to serum-free DMEM at 22C for 15 min or 30 min at 37C to allow
internalization of tracer into early endosomes and the perinuclear recycling
compartment, respectively. Cells were returned to ice and washed twice
with ice-cold PBS, and biotin was removed from proteins remaining at the
cell surface by reduction with MesNa Sodium 2-sulfanylethanesulfonate
(Sigma). The internalized fraction was then chased from the cells by returning
them to 37C in serum-free DMEM in the absence or presence of 10 ng/ml
PDGF. At the indicated times, cells were returned to ice and biotin was
removed from recycled proteins by a second reduction with MesNa. Intracel-
lular biotinylated integrins were then determined by capture-ELISA.
Capture-ELISA
Maxisorb 96-well plates (Life Technologies) were coated overnight with
5 mg/ml appropriate anti-integrin antibodies in 0.05 M Na2CO3 (pH 9.6) at
4C and were blocked in PBS containing 0.05% Tween-20 (PBS-T) with 5%
BSA for 1 hr at room temperature. Integrins were captured by overnight incu-
bation of 50 ml cell lysate at 4C. Unbound material was removed by extensive
washing with PBS-T, and wells were incubated with streptavidin-conjugated
horseradish peroxidase (Amersham) in PBS-T containing 1% BSA for 1 hr at
4C. Following further washing, biotinylated integrins were detected by a
chromogenic reaction with ortho-phenylenediamine.
Time-Lapse Microscopy and Track-Plot Analysis
Confluent monolayers were wounded with a plastic pipette tip and placed on
the stage of an inverted microscope (Axiovert S100; Carl Zeiss Micro-Imaging)
in an atmosphere of 5%CO2 at 37
C. Cells were observed using a 103 phase-
contrast objective, and images were collected every 10 min using a digital
camera (C47 42-95; Hamamatsu). Videos were generated and cell tracks
analyzed using ImageJ software. Cell-derived matrix (CDM) was generated
as described previously (Bass et al., 2007; Cukierman et al., 2001), but with
telomerase immortalized fibroblasts being substituted for primary cultured
human dermal fibroblasts without any noticeable alteration to the results.
A2780 cells were plated onto CDM 4 hr prior to imaging by time-lapse phase
contrast microscopy as described above.
Cell Imaging
NIH 3T3 cells were seeded onto glass-bottom 3 cm plates grown to conflu-
ence and wounded with a plastic pipette tip. Cells migrating into the wounds
were imaged with a 643 objective of an inverted confocal microscope(Mann-Whitney test). The box-and-whiskers plots represent: median line;
ab4 in combination with si-RNA resistant GFP-Rabaptin-5 or GFP-Rabaptin
hort-hairpin targeting PKD1 (sh-PKD) or a nontargeting control (sh-nt). Cells
FP-Rabaptin-5 (green) and Cherry-Rab4 (red) was imaged by live cell confocal
P-Rabaptin-5 andCherry-Rab4 fluorescence that was present anterior to a line
llow line) was determined using Image J as described in the methods (C–F). The
ined using an algorithm as described in the methods section (Jaskolski et al.,
in which theGFP-Rabaptin-5 or Cherry-Rab4were present but not colocalized
rom these analyses are the mean ± SEM of three independent experiments (F).
ated myc-tagged Rabaptin-5 mutants in combination with Cherry-Rab4 (G) or
in targeting PKD1 (sh-PKD) or a nontargeting control (sh-nt). Transfected cells
d with PDGF-BB (10 ng/ml) for a further hour prior to lysis in a buffer containing
magnetic beads conjugated to an antibody recognizing the myc-epitope. The
erry-Rab4/5, and PKD1 by immunoblotting.
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Figure 6. Rabaptin-5 Phosphorylation Reg-
ulates Invasion and Cell Morphology in 3D
Microenvironments
(A–C) MDA-MB-231 (A and B) or A2780 (C) cells
were transfected with nontargeting control siRNA
(si-nt), Rabaptin-5 siRNA, or p53 siRNAwithout ()
or with WT or Ser407Ala Rabaptin-5. The inva-
siveness of transfected cells into plugs of Matrigel
without (A) or with (B and C) the inclusion of
fibronectin (25 mg/ml) was determined using an
inverted invasion assay. cRGDfV (2.5 mM) was
added to the Matrigel as indicated. Invading cells
were stained with Calcein AM and visualized by
confocal microscopy. Serial optical sections were
captured at 10 mm or 15 mm intervals (these are
presented in Figure S3 as a sequence in which the
individual optical sections are placed alongside
one another with increasing depth from left to right
as indicated). Invasion is expressed as the
proportion of cells within the plug that migrate
further than 40 mm (A and B) or 45 mm (C). Data are
represented as box and whiskers plots from three
independent experiments. ***p < 0.0001; **p <
0.0011 (Mann-Whitney test). Immunoblots display
the knockdown and rescue of Rabaptin-5 in MDA-
MB-231 (A) and A2780 (C) cells, and the western
blot in (B) shows the combined knockdown of
Rabaptin-5 and mutant p53 in MDA-MB-231 cells.
The box-and-whiskers plots represent median
line; box, quartiles; whiskers, min to max.
(D) A2780 cells were transfected with Rabaptin-5
siRNA and rescue mutants as in (C) and plated on
cell-derived matrix. Images were capture every
10 min over a period of 16.5 hr, movies were
generated from these and stills from these movies
are presented. White arrows indicate cells ex-
hibiting pseudopod extension (scale bar repre-
sents 50 mm). The length of pseudopods extended
in the direction of cell migrationwas quantified and
thedata are represented as box andwhiskers plots
(whiskers are 5–95 percentile) from three inde-
pendent experiments. ***p < 0.0001 (Mann-Whit-
ney test).
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C. To quantify
colocalization we used a macro to operate within the Image J program that
applies the algorithm developed by Jaskolski et al. (2005). This automated
method is based on edge detection and calculation of signal intensity deviation
and leads to the generation of a pseudocolor image of the correlated signals
from the green and red images. The number of red pixels (Cherry-Rab4) coloc-
alizing with the green (GFP-Rabaptin-5) was then expressed as a percentage
of the total quantity of red pixels.
Inverted Invasion Assay
Inverse invasion assays were performed as described previously (Hennigan
et al., 1994). Briefly, complete Matrigel was diluted in an equal volume of
ice-cold PBS with or without addition of soluble fibronectin (25 mg/ml final
concentration). Diluted Matrigel mix (100 ml) was pipetted into a Transwell
(8 mm diameter pores), inserted into a well of a 24-well tissue culture plate,
and left to set at 37C. Transwells were then inverted and 4 3 104 cells were570 Developmental Cell 23, 560–572, September 11, 2012 ª2012 Elsevier Inc.placed on the underside of the filter. Transwells
were then covered with the base of the 24-well
tissue culture plate so that they made contact
with cell suspension droplets. Cell attachment
was allowed to proceed for 4 hr, before the plate
was inverted back and the nonadherent cellswere washed off by three sequential washes in 1 ml serum-free medium.
Transwells were placed in 1 ml of serum-free medium, which constituted the
lower chamber of the assay, and 100 ml of 10% FCS-RPMI supplemented
with 25 ng/ml EGF was pipetted on top of the Transwell. The cells were then
allowed to invade into the Matrigel and toward the gradient of serum and
EGF for 48 hr at 37C in the atmosphere of 5% CO2. To visualize cells that
migrated into the Matrigel plug, 4 mM Calcein AM (acetoxymethyl ester of cal-
cein) was used. After 1 hr at 37C the cells were imaged by confocal micros-
copy using a Leica SP2 confocal microscope and a 203 objective at an exci-
tation wavelength of 488 nm and emission wavelength of 515 nm. Optical
sections were captured at 10 mm or 15 mm intervals, starting from the under-
side of the Transwell filter and moving upward in the direction of cell invasion.
The resulting images were quantified and assembled into invasive strips using
Image J software. The threshold fluorescence intensity of the images was set
to only register cells that lay within each individual optical slice, and the sum of
the fluorescence in the sections from 40 mm or 45 mm and above was divided
Developmental Cell
PKD and Rabaptin-5 Regulate Integrin Recyclingby the total fluorescence of all the sections. Data were generated from at least
three individual experiments, in which each condition was represented by
three Transwells and optical sections were taken from at least three areas of
each Transwell.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
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